We theoretically study the decay of two interacting bosons from a leaky trap by tunneling through a potential barrier. Although decay rates are generally enhanced by repulsive interactions, we predict a strong suppression of the decay for short times. This leads to an enhancement of the quantum Zeno effect. Results from perturbation theory are supplemented by numerical calculations of the eigenstates and the full time dynamics. In the two-body correlations of the escaping particles we find bunching and oscillations characteristic of the interactions within the box.
Two particles escape from an unstable state by tunneling through a barrier. Will repulsive interactions accelerate the decay or slow it down, just like traffic jams at road-work sites may cause considerable delays? When a single particle escapes from an unstable state due to tunneling, the laws of quantum mechanics do not allow the decay to strictly follow an exponential law [1, 2, 3] . Sub-exponential decay at early times is the reason that frequently repeated or continuous measurement can slow down the decay, which is known as the quantum Zeno effect [3] . Experimental studies of the quantum Zeno effect [4, 5, 6] have been driven by interest in fundamental physics as well as practical applications in atomic physics [7] , quantum computing [8] , and radiology [9] .
Recent advances in combining ultra-cold atom experiments [10] with capabilities for the manipulation and detection of few and single particles [11, 12] open the door to undreamt-of control of few-particle quantum systems. So far, non-exponential decay of a quantum state and the quantum Zeno effect have only been seen and discussed for single particles or independent quantum systems interacting with some sort of measuring apparatus [1, 2, 3, 4, 5, 6] . The influence of interactions in a system of two quantum particles on the quantum Zeno effect has, to our best knowledge, not been discussed before.
The decay of a few bosonic atoms from a "reservoir" through a barrier into a "continuum" is a minimalist model of an atom laser [13] . Characterizing the second order correlations in the outgoing atom beam in Hanbury-Brown and Twiss-type experiments [14, 15] has been used to gather coherence properties and fluctuations in an atom-laser beam [12] . The role of particle interactions has not yet been studied in this context and deviations of the observed counting statistics from the expected Poissonian distribution have been attributed to systematic experimental errors [12] .
In this Letter, we study the influence of particle interactions on the non-exponential decay features and the second order correlations of escaping particles. We chose the simplest few body system with decay, namely two bosons in a one-dimensional box with one hard and one permeable wall. We find that weak repulsive interactions between the particles greatly inhibit decay at early times and lead to bunching and characteristic oscillations of the second order correlation function for the escaping particles.
Let us first write the model Hamiltonian for two atoms of mass m with positions x 1 and x 2 , respectively:
Here, g is the strength of a contact interaction used to model the short-range interactions of ultra-cold atoms [16] . The free-particle part of the Hamiltonian is H 0 = p 2 /2m with p = i ∂/∂x and the external potential is given by
This potential describes a one-dimensional box with one arXiv:0704.0480v1 [cond-mat.mes-hall] 4 Apr 2007
hard wall and a delta barrier. Atoms can be trapped indefinitely in the inside region 0 < x < a when V 0 → ∞ but will be able to tunnel to the outside region x > a if V 0 > 0 is finite. In this case atomic states inside the box will only exist as metastable states or resonances and we speak of a leaky box. A one-dimensional box potential can be realised experimentally by a tight magnetic or optical one-dimensional waveguide trap with tightly focused blue-detuned lasers as endcaps for the wall and tunneling barrier. Here, we set = m = 1 = a and work in dimensionless units.
The decay of Bose-Einstein condensates of many degenerate bosons from a leaky trap potential has been considered before by several authors [17] . The employed approaches based on mean-field theory give us an overall picture of how the rate of particle escape changes in time as the particle number declines and the chemical potential adjusts itself. The non-exponential decay features of the many-body quantum state or second order correlations, however, cannot be described this way. Here, we take a different approach in solving the fewbody Schrödinger equation directly. With external po- tential it is not easy to get the analytic solution of interacting few-body system. Fortunately for the initial decay regime, we can get the approximate analytic solution. Figure 1 shows two particle's configuration space.
(1) is the region in which both particles are inside the trap, in (2) one particle is inside and another is outside the trap, and in (3) both particles are outside. We set the initial condition of both particles as the V 0 = ∞ case ground state in region (1) . For the initial decay the escaped probability in region (3) would be very small. In this case we use approximate analytic eigenfunction φ gk1k2 (x 1 , x 2 ) which satisfy all boundary conditions except x 1 = x 2 line in region (3) . To obtain approximate eigenfunction, we write
inside the triangular region 0 ≤ x 1 < 1, 0 ≤ x 2 < 1 and
The approximate eigenfunction in other region is obtained by matching the boundary condition from Eq. (3), except on x 1 = x 2 line in region (3). The constant N gk1k2 comes from the normalization condition. The total wavefunction for short times are written with the eigenfunction expansion
where
, the survival probability in region (1) for small t is
Note that in Eq. (5) φ gk1k2 and c gk1k2 are real. In Eq. (5), the survival probability has the form
This is the typical quantum Zeno effect, which is slower than exponential e −Γt ≈ 1 − Γt for short time. For V = 8 and g = 0.02, α g = 20.2. If we do the same calculation for g = 0 case, we get P (1),0 (t) ≈ 1 − α 0 t 2 where α 0 = 121.4. In other words, the small repulsive interaction strongly suppress the decay of particles in a very short time, i.e. enhancing the quantum Zeno effect.
Numerical calculation of eigenfunction also support the result. Our numerical eigenfunctions are obtained by linear combination of basis functions. We choose two kinds of basis functions in the region x 1 ≥ x 2 , one are functions in Eq. (5) satisfying the Schrödinger equation except x 1 = x 2 line in region (3), another are similar form of functions satisfying the Schrödinger equation except x 1 = x 2 line in region (1) . These basis functions φ b have two index k 1 and k 2 . For a fixed energy E, we write the
To match the boundary condition at x 1 = x 2 due to the particle's interaction potential g δ(x 1 − x 2 ), we choose n independent k values for fixed energy E and minimize the boundary condition discrepancies at discrete set of points {x (1) , ..., x (m) } in x 1 = x 2 line (m > n). In this way the coefficients C(k 1 , k 2 ) in Eq. (6) are found using singular value decomposition method. In figure 2 we see weak repulsive interaction suppresses decay for short times. The numerical eigenfunctions also allows us to calculate the full time dynamics of the decay of two interacting particles. Figure 3 the survival probability of g = 0 and g = 0.02 cases for early times, which confirms our analytical prediction above. Figure 3 shows the the probabilities in region (1), (2) , and (3) versus time, for weakly repulsive interaction g = 0.02 and initial condition as the ground state of region (1) with V 0 = ∞. We see that the probability of both particles escaping is greatly increased even for small g (g = 0.02). This phenomena can be explained by examining the initial condition, which is the FIG. 3 : probabilities of region (1) (Thin), (2)(dash), (3)(Thick) in time. Left figure is for weak repulsive interaction case (g=0.02), right figure is for noninteracting case. We see that probability of both particles escaping is greatly increased even for small g. ground state of infinite barrier case (V 0 = ∞). When the barrier strength V 0 is very large, the resonance eigenfunction in region (1) resembles the ground state of infinite barrier. The eigenfunction of delta-interacting particles inside an infinite barrier has exact analytic form [19] , which can be written as x 2 − 1)) sin(k 1 x 1 ) ) for x 1 < x 2 . (7) with k 1 and k 2 satisfying the relations
The 
Due to the √ 2g dependence, k 1 and k 2 show rather large deviation from the noninteracting ones even for small g. In region (2) which has a long corridor shape (1 ≤ x 1 , 0 < x 2 < 1), these k 1 and k 2 does not fit into the corridor eigenmomentum in x 2 direction. As a result, for finite but large V 0 the initially confined wave cannot propagate longer in region (2) and escapes rather quickly into region (3).
We also find interesting bunching behavior between two escaped particles by examining their correlations. We define the spatial correlation of two particles in region (3) as
It gives the probability density to find one escaped particle at distance x from another escaped particle, normalized by total probability of two particles escaping together. The correlations for interacting case and noninteracting case are shown in figure 5 . Two particles are more
Dashed line is nonnteracting case (g = 0), and the plain line is for weakly interacting case (g = 0.02).
likely found about integer multiple of well width, but the distance between maximum in correlation tends to increase. The correlation at x = 0 is larger for weak repulsion case (g = 0.02) than no interaction case (g = 0), which means the bosons are bunched even when there are weak repulsive interaction. At first this looks counterintuitive, but again the explanation can be found by examining the resonance eigenfunction and initial condition. Since the initially confined wave in region (1) does not have much eigenmomentum component of the corridor shaped region (2), the wave cannot propagate much in region (2) and escapes quickly to region (3) . This means that on the boundary of region (2) and region (3) the probability wave is more likely to escape when it is closer to region (1). In region (3), closer to region (1) means also closer to x 1 = x 2 line. So the escaped probability wave in region (3) is gathered around x 1 = x 2 line.
In summary, we showed that even a weak interparticle repulsion changes the decay dynamics of interacting particles quite a lot. The decay is initially suppressed for short times (enhancement of quantum Zeno effect), and later the probability of both particles escape is enhanced. The decay greatly depends on the interacting particles' quasi-stable state inside the barrier, which changes significantly even for weak interaction. The correlation between two escaped bosons show bunching and oscillating behaviors. We hope these results will be helpful when one studies phenomena beyond mean field approximation in many particle decay systems.
